Pre-eclampsia is a life-threatening pregnancy disorder whose pathogenesis remains unclear. Plasma testosterone levels are elevated in pregnant women with pre-eclampsia and polycystic ovary syndrome, who often develop gestational hypertension. We tested the hypothesis that increased gestational testosterone levels induce hypertension via heightened angiotensin II signaling. Pregnant Sprague-Dawley rats were injected with vehicle or testosterone propionate from Gestational Day 15 to 19 to induce a 2-fold increase in plasma testosterone levels, similar to levels observed in clinical conditions like preeclampsia. A subset of rats in these two groups was given losartan, an angiotensin II type 1 receptor antagonist by gavage during the course of testosterone exposure. Blood pressure levels were assessed through a carotid arterial catheter and endothelium-independent vascular reactivity through wire myography. Angiotensin II levels in plasma and angiotensin II type 1 receptor expression in mesenteric arteries were also examined. Blood pressure levels were significantly higher on Gestational Day 20 in testosterone-treated dams than in controls. Treatment with losartan during the course of testosterone exposure significantly attenuated testosterone-induced hypertension. Plasma angiotensin II levels were not significantly different between control and testosterone-treated rats; however, elevated testosterone levels significantly increased angiotensin II type 1 receptor protein levels in the mesenteric arteries. In testosterone-treated rats, mesenteric artery contractile responses to angiotensin II were significantly greater, whereas contractile responses to K + depolarization and phenylephrine were unaffected. The results demonstrate that elevated testosterone during gestation induces hypertension in pregnant rats via heightened angiotensin II type 1 receptor-mediated signaling, providing a molecular mechanism linking elevated maternal testosterone levels with gestational hypertension.
INTRODUCTION
Pre-eclampsia is a pregnancy-specific disorder that affects 2-8% of pregnant women and is a leading cause of maternal and neonatal morbidity and mortality [1] . Pre-eclampsia is defined by the onset of hypertension and proteinuria after 20 wk of gestation and is often associated with fetal growth restriction. The pregnancy complications with abnormal fetal development not only significantly increase maternal and infant mortality and morbidity rates [2] [3] [4] but also have long-term adverse effects on adult health, predisposing individuals to cardiovascular and metabolic diseases [5] [6] [7] . The hallmark of pre-eclampsia is failure of the extravillous cytotrophoblast cells to invade and remodel the uterine spiral arterioles, leading to persistent placental hypoxia and the release of various mediators into the circulation that result in vasoconstriction and hypertension in the mother [1, 8] .
Although the causes of pre-eclampsia have not been clearly defined, numerous evidence has implied a role for elevated maternal testosterone (T) levels in the pathophysiology of preeclampsia [9] [10] [11] [12] [13] [14] [15] [16] [17] . For example, increased T levels in pregnant polycystic ovary syndrome mothers increase the incidence of pre-eclampsia [18] [19] [20] [21] , and placentas of pre-eclamptic pregnancies produce increased T levels [22, 23] and express higher androgen receptor levels [22, 24] . In addition, we previously showed that increasing T levels in pregnant rats to concentrations similar to levels in pre-eclamptic pregnancies causes many of the features seen in women with pre-eclampsia, such as elevated mean arterial pressure (MAP), proteinuria, endothelial dysfunction, placental insufficiency, and reduced fetal weight [25, 26] . Increased T levels during pregnancy have also been associated with impaired placental development with significant decrease in endovascular trophoblast invasion [27] and nutrient transport capacity [26] . The molecular mechanisms by which T mediates these effects remain largely unclear.
The renin-angiotensin system (RAS) is a major determinant of blood pressure in both pregnant and nonpregnant women [28, 29] . The main effector of RAS, angiotensin II (Ang II) exerts its physiological functions through 2 7-transmembrane G protein-coupled receptors, angiotensin type 1 receptor (AGTR1) and angiotensin type 2 receptor (AGTR2) [30] . In rodents, Agtr1 exists as two isoforms, Agtr1a and Agtr1b [31] , which are known to play an essential role in the elevation of blood pressure [32, 33] , whereas the physiological functions of AGTR2 are not well known but are thought to exert antihypertensive effects [34] .
It has been known for many years that the response to Ang II is diminished during normal pregnancy. In contrast, women who develop pre-eclampsia show an increased sensitivity to Ang II [35, 36] . In fact, increased sensitivity to Ang II is present post partum in women with a history of hypertensive pregnancy [36] . Several lines of evidence have implicated the activation of AGTR1-mediated signaling in pre-eclampsia. For example, AGTR1 is upregulated in human pre-eclamptic placentas [37] ; AGTR1 expression increases in the rat placenta of endotoxin-induced pregnancy hypertension [38] ; the genetic polymorphism of Agtr1, 1166C, is associated with increased risk of pre-eclampsia [39] ; and Ang II hypersensitivity through AGTR1 is observed in pre-eclamptic patients [40] . These studies suggest that increased Ang II/AGTR1 may be a key molecule linking adverse stimuli with the development of preeclampsia.
Studies in male rats indicate that T interacts directly with the RAS, upregulating the classical constrictor pathway via upregulation of Ang II/AGTR1 pathways [41] [42] [43] [44] [45] . Therefore, in the present study, we investigated whether gestational increases in T induce hypertension and enhanced vascular reactivity in pregnant rats and tested the hypothesis that heightened AGTR1 signaling is a key molecular mechanism underlying T-induced increase in blood pressure.
MATERIALS AND METHODS

Animals
Pregnant Sprague-Dawley rats were purchased from Harlan-Sprague Dawley (Houston, TX) and housed in a temperature-controlled room (238C) with a 12L:12D light-dark cycle. All experimental procedures executed in this study were in accordance with the National Institutes of Health guidelines for use and care of animals. All protocols were approved by the Institutional Animal Care and Use Committee at the University of Texas Medical Branch. Pregnant rats were randomly divided into two groups, and T propionate (0.5 mg/kg/day; Sigma) was injected subcutaneously from Day 15 to Day 19 of gestation into one group of pregnant rats (n ¼ 28). The control group received vehicle (sesame oil; n ¼ 28). This dose and duration of T exposure is commonly used to mimic plasma T levels observed in pre-eclamptic women [25, 26, 46] . At Day 20 of gestation, blood pressure was measured, the animals were euthanized, plasma was separated for measurement of Ang II levels, a portion of mesenteric arteries were collected for vascular reactivity studies, and the remaining arteries were quickly frozen for RNA and protein isolation.
Experimental Procedures
Mean arterial pressure and losartan treatment. Under isoflurane anesthesia on Day 19 of gestation, carotid arterial catheters were inserted for blood pressure measurements. The catheters inserted for this procedure were PE50 tubing, which is tunneled to the back of the neck and exteriorized. On Day 20 of gestation, MAP was analyzed after placing the rats in individual restraining cages. MAP was monitored with a pressure transducer (Cobe III transducer; CDX Sema) and recorded continuously after a 1-h stabilization period. A set of control (n ¼ 8) and T-treated rats (n ¼ 8) were given AGTR1 antagonist losartan (20 mgÁkg ; Sigma) by gavage [47] from day 15 to day 19 of gestation. Following losartan treatment, changes in arterial pressure were recorded as described above, using an indwelling arterial catheter.
Ang II enzyme immunoassay. An Ang II enzyme immunoassay kit (Phoenix Pharmaceutical Inc.) was used to measure plasma Ang II concentrations. A total of 50 ll of plasma in duplicate was used for this assay. All procedures were conducted according to the assay kit instructions.
Western blotting. Arteries were homogenized in ice-cold Radioimmunoprecipitation assay buffer (Cell Signaling Technology) containing a protease inhibitor tablet (Roche) and phosphatase inhibitor cocktail-2 and À3 (Sigma). Tissue lysates were centrifuged (14 000 3 g for 10 min at 48C), and the protein content was measured by using the BCA protein assay kit (Pierce; Thermo Scientific). The supernatant was resuspended in NuPAGE lithium dodecyl sulfate sample buffer and reducing agent (Invitrogen). Proteins (30 lg) alongside Precision Plus Standard (Kaleidoscope; Bio-Rad Laboratories) were resolved on 4-12% gradient NuPAGE Bis-Tris gels (Invitrogen) at 100 V for 2 h at room temperature and then transferred onto Immobilon-P membranes (Millipore Inc.) at 100 V for 1.5 h. The membranes were blocked with 5% bovine serum albumin (BSA) for 1 h and then incubated overnight at 48C with primary antibodies. The primary antibodies were mouse monoclonal AGTR1 (1:500 dilutino; BD Transduction Labs) and b-actin (1:5000 dilution; Cell Signaling). After being washed, the membranes were incubated with secondary antibodies (anti-rabbit or -mouse conjugated with horseradish peroxidase) at 1:10 000 dilution and detected with the ECL detection kits (Thermo Scientific).
Densitometric measurement was done using AlphaEase Flurochem 8000 software (Alpha Innotech). Results were expressed as ratios of the intensity of a specific band to that of b-actin.
Quantitative real-time PCR. Mesenteric arteries were processed for the total RNA extraction (TRIzol; Invitrogen, Carlsbad, CA). All RNA isolates were made DNA-free by treatment with DNase and further purified with RNeasy clean-up kit (QIAGEN Inc.). Total RNA concentration and integrity were determined using a spectrophotometer (ND-1000 Nanodrop; Thermo Fisher Scientific). One microgram of total RNA was reverse transcribed using a modified Maloney murine leukemia virus-derived RT (New England Biolabs Inc.) and a blend of oligo(dT) and random hexamer primers (Invitrogen). The reaction was carried out at 288C for 15 min and at 428C for 50 min, then stopped by heating at 948C for 5 min, followed by 48C before storage at À208C until further analysis. One microliter of the diluted cDNA corresponding to 100 ng of RNA was amplified by quantitative real-time (qRT)-PCR using FAM (Invitrogen) as the fluorophore in a CFX96 real-time thermal cycler (Bio-Rad). PCR conditions used were 2 min at 508C for 1 cycle; 10 min at 958C, 15 sec at 958C, and 1 min at 608C for 40 cycles; and a final dissociation step (0.05 sec at 658C and 0.5 sec at 958C). Results were calculated using the 2 -DDCT method and expressed in fold increase/decrease of the gene of interest in T-treated versus control rats. All reactions were performed in duplicate, and b-actin was used as an internal control. TaqMan assays were carried out in 10-ll volumes for real-time PCR at a final concentration of 250 nM TaqMan probe and 900 nM of each primer. Agtr1a (Rn01435427_m1) and Agtr1b (Rn02132799_s1) analyses were obtained by Assay-on-Demand (Applied Biosystems).
Ex vivo vascular reactivity studies. Mesenteric arteries were removed and dissected free of adherent connective tissues. Arterial rings of 2-mm length were suspended in a Halpern-Mulvany myograph (model 610 M; Danish Myo Technology A/S) using 25-lm stainless steel wires for recording isometric contractile force (PowerLab; ADInstruments). Preparations were immersed in Krebs-Ringer bicarbonate solution (378C, aerated with a 95% O 2 /5% CO 2 gas mixture, pH 7.4) of the following composition: NaCl, 118 mM; KCl, 4.7 mM; CaCl 2 , 2.5 mM; MgSO 4 , 1.2 mM; KH 2 PO 4 , 1.2 mM; NaHCO 3 , 25 mM; and glucose, 11.1 mM. Because we were primarily interested in studying differences in vascular smooth muscle force generation, endothelium was removed by gently rubbing the intimal surface of rings with a tungsten wire. Endothelium removal was verified by the absence of relaxation to acetylcholine (10 lM) in rings precontracted with phenylephrine (PE; 3lM). It should be noted that we have previously shown that pregnant rats with elevated T levels have endothelial dysfunction; thus, leaving the endothelium intact would have complicated any assessment of vascular smooth muscle function. The rings were allowed to equilibrate in Krebs-Ringer solution for 1 h at a resting tension. After stabilization, the rings were normalized to an internal diameter of 0.9 of L 13.3kPa using a normalization software package (Myodata; Danish Myotechnology). Dose-response curves were constructed using cumulative doses of KCl (10-120 mM; Sigma), phenylephrine (10 À9 to 10 À5 M; Sigma) and Ang II (10 À13 to 10 À8 M; Sigma). Ang II dose responses were also measured in the presence of losartan (10 lM). Antagonist was added to the bath 30 min before cumulative dose-response curves. Only one cumulative dose-response curve to Ang II was obtained per arterial ring, as tachyphylaxis developed if a second dose response was constructed.
Statistical Analysis
For comparison of arterial pressure levels, analysis was performed using ANOVA, with adjustments for multiple comparisons. For comparison of genes and proteins expressed between the control and T-treated groups, unpaired Student t-test was used. Cumulative concentration-response curves were analyzed by computer fitting to a 4-parameter sigmoid curve, using Prism 6 software (GraphPad, San Diego, CA) to evaluate the half-maximal effective concentration (EC 50 ) and E max , the maximum asymptote of the curve. All values are means 6 SEM. A P value of ,0.05 was considered significant.
RESULTS
Plasma T levels
Plasma T levels were 2-fold increased in T-injected rats (2.0 6 0.27 ng/ml; n ¼ 7) compared to those in controls (1.0 6 0.23 ng/ml; n ¼ 7; P , 0.05).
Mean Arterial Pressure
MAP was increased significantly in T-exposed rats (104 6 4.4 mm Hg; n ¼ 7) compared with control rats (90 6 2.4 mm Hg; n ¼ 11) ( Fig. 1; P , 0.05) .
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Losartan administration attenuated the blood pressure increase associated with elevated T levels. MAP levels were no different in losartan-treated T-exposed rats than in losartantreated control rats. MAP was 93 6 1.6 mm Hg (n ¼ 8) in losartan control pregnant rats versus 87 6 2.7 mm Hg (n ¼ 8) in losartan-treated T-exposed pregnant rats ( Fig. 1, P , 0 .05).
Plasma Ang II Levels
To determine whether circulating Ang II levels were correlated with increased blood pressure in T-treated rats, plasma Ang II levels were determined with enzyme immunoassay. As shown in Figure 2 , plasma Ang II levels were not significantly different between control and T-treated rats (n ¼ 8 in each group).
Arterial AGTR1 Expression
We next determined whether AGTR1 expression correlated with the increased blood pressure in T-treated rats. As shown in Figure 3 , Western blotting showed that AGTR1 protein levels were significantly increased in the mesenteric arteries from Ttreated rats (n ¼ 6) compared with those from the control (n ¼ 6) (Fig. 3, P , 0.05) .
At the mRNA level, rodents possess two Agtr1 receptor isoforms, designated Agtr1a and Agtr1b. Because no specific antibodies are available to detect these Agtr1 isoforms, we used qRT-PCR to measure the mRNA levels of Agtr1a and Agtr1b in the mesenteric arteries. The expression of Agtr1a mRNA in mesenteric arteries in control was comparable to that in Ttreated rats ( Fig. 4 ; n ¼ 7 in each group). However, expression of Agtr1b mRNA in the mesenteric arteries was 2.8-fold increased in T-treated rats (n ¼ 7) compared to that in controls ( Fig. 4 ; n ¼ 7; P , 0.05).
Vasoconstrictor Response
Vascular contractile responses to cumulative doses of KCl, a determination of depolarization-induced vessel contraction, and PE, a measurement of a 1 -adrenoceptor-induced contraction, in arterial segments from T rats were similar to those in controls (Fig. 5, A and B ; n ¼ 8 in each group). However, presence of elevated T levels exaggerated the Ang II-induced contractile responses with a leftward shift in the dose-response curves (pD2 ¼ 8.8 6 0.05 vs. 8.4 6 0.02 in controls) as well as an increase in maximal responses (E max ¼ 54.1 6 3.52% vs. TESTOSTERONE INDUCES AGTR1-MEDIATED HYPERTENSION 41.6 6 3.65% in controls) ( Fig. 5C ; n ¼ 8 in each group; P , 0.05). Pretreatment of the vascular rings with losartan completely inhibited the Ang II-induced vasoconstriction in arterial segments from T-treated rats and controls ( Fig. 5C ; n ¼ 5).
DISCUSSION
The major finding of this study was that at clinically relevant concentrations, the elevated maternal T levels during pregnancy led to increased blood pressure in pregnant rats. Our study demonstrates for the first time that elevated maternal T upregulates mesenteric vascular Agtr1b mRNA transcripts relating to the increase in blood pressure. Blockade of AGTR1 with losartan reversed blood pressure increase in pregnant rats with elevated T, suggesting that RAS is a cause and not a consequence of blood pressure increase. The increased Agtr1b expression in the mesenteric arteries was associated with exaggerated vascular contractile responses in an agonistspecific manner. The mesenteric vasomotor response mediated by Ang II was greater, and responses to other vasoconstrictors, KCl and phenylephrine, were not increased in pregnant rats with elevated T compared to that in controls. Therefore, we suggest that increases in vascular AGTR1-and Ang IIstimulated responses may mediate the development and maintenance of hypertension in pregnant rats exposed to elevated T levels.
Although pre-eclampsia is one of the major causes of maternal and perinatal mortality and morbidity, the pathophysiology of this disease has yet to be completely understood. The initiating event of the disease is associated with abnormal cytotrophoblast invasion, resulting in inadequate remodeling of the uterine spiral arteries and reduced blood flow to the uteroplacental unit [1, 8] . The poorly perfused and hypoxic placenta is thought to release factors that result in vasoconstriction and hypertension in the mother. Placentas of preeclamptic pregnancies contribute increased T production [22, 23] . In addition, placental androgen receptor levels are upregulated in pre-eclamptic pregnancies [22, 24] . We previously reported that elevated maternal T levels are an important stimulus for increased blood pressure in pregnant rats [25] . We not only confirmed that elevated T levels in pregnant rats increase arterial pressure, we also provided novel data showing that treatment with a selective AGTR1 antagonist, losartan, abolished the hypertensive response to T during pregnancy. This suggests that AGTR1 activation contributes, in part, to the increase in blood pressure in Texposed hypertensive rats. However, plasma Ang II level, the main effector of RAS, was not significantly altered by gestational T exposure, suggesting that circulating Ang II may not contribute to the increased AGTR1 activation. The present study demonstrated AGTR1 protein expression increased in mesenteric arteries of T rats. This is likely to contribute to the increased blood pressure response to Ang II in T rats.
At the mRNA level, Agtr1 exists as two isoforms, Agtr1a and Agtr1b [31] . In the present study, we demonstrated that both receptor subtypes are present in abundance in the mesenteric arteries; however, T selectively upregulates the expression of Agtr1b receptors, in contrast to the reported specific effect of androgen to regulate Agtr1a mRNA abundance in abdominal aortas [48] . These results suggest that T exhibits tissue-and/or cell-specific regulation of Agtr1. Interestingly, recent studies demonstrated that smooth muscle cells of the mesentery artery are serosal mesothelium-derived, whereas smooth muscle cells of the abdominal aorta are somite-derived [49] . These differences in smooth muscle embryonic origins may have contributed to regional differences in Agtr1a regulation by T. Given that receptor subtypes Agtr1a and Agtr1b exhibit differential cell and tissue distribution, differences in the promoters of these distinct genes may contribute to T-specific effects to increase Agtr1b mRNA abundance. Because Agtr1b has been demonstrated to play a prominent role in Ang II-induced contractile responses [32, 33] , the finding that gestational elevation in T levels causes selective upregulation of Agtr1b in mesenteric arteries indicates that Agtr1b may contribute to T-induced increases in vasoconstriction and blood pressure. Indeed, the present finding that treatment with the AGTR1-selective antagonist losartan during the course of T exposure abrogated T-induced blood pressure increases in pregnant rats, indicating a causative role for heightened Ang II/AGTR1-mediated signaling in the pathogenesis of T-induced vasoconstriction and blood pressure increases in pregnant rats. Possible mechanisms of Tdependent upregulation of Agtr1b receptor mRNA expression include modulation of receptor transcription through androgen response elements. Preliminary analysis of the Agtr1 promoter reveals the presence of partial androgen response elements. T may also activate Agtr1 transcription from alternative response elements such as the glucocorticoid response element [50, 51] , by enhancing assembly of general transcription factors including TATA-box-binding protein [52] , activating activator protein-1, nuclear factor-kappa b [53, 54] , or increasing mRNA CHINNATHAMBI ET AL. stability [55] . In addition, T-induced activation of Rho kinase [56] , mitogen-activated protein kinases [57] , and phosphatidylinositol-4,5-bisphosphate 3-kinase [58] could also contribute to Agtr1 upregulation [59, 60] . The exact mechanism by which T regulates Agtr1 remains to be elucidated.
Consistent with increases in mesenteric vascular Agtr1b expression, other studies also show an AGTR1 increase in kidney and brain. To dissect out the contribution of the vasculature to contractile responses and to blood pressure increase, we examined vascular reactivity to Ang II. In the present study, Ang II-induced contractile responses were significantly increased in T-treated rats. The ED 50 and E max were greater in the T-treated rats and were related to the blood pressure increases. The inhibition of Ang II-induced arterial contractions by losartan in both control and T-treated animals indicated a primary role for AGTR1 in vasoconstrictions. Because elevated T caused increases in Ang II-induced contractions in the absence of functional endothelium, we suggest the enhanced arterial sensitivity to Ang II occurred primarily in the vascular smooth muscle cells. Other studies in male hypertensive rats have also reported exaggerated vasomotor responses to Ang II in renal arteries [56, 61, 62] . Interestingly, the vasomotor response to other potent constrictors, such as K þ depolarization and phenylephrine, was not enhanced in T-treated rats. Thus, it is likely that the effect of elevated T on vasoconstrictors is agonist specific. These 
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findings suggest that elevated T-mediated increases in vasoconstriction and blood pressure occur at the agonistspecific level rather than at common intracellular signaling pathways. Although we focused on the vasculature in this study, enhanced Ang II pathway can also contribute to hypertension through sympathoadrenal-mediated mechanism. This warrants further investigation.
In conclusion, results from this study demonstrate that T positively regulates Agtr1b mRNA abundance in mesenteric arteries and that this effect relates to development of hypertension in pregnant dams. The exaggerated vasoconstriction in pregnant rats with elevated T appears to be specific to Ang II. This suggests that vascular RAS, in addition to central and intrarenal RAS, may play an important role in the development and maintenance of hypertension during pregnancy. Therefore, an adequate repression of the vascular AGTR1-mediated pathway in pregnancy might be effective for improving pregnancy-induced hypertension.
Growing evidence indicates a role for elevated T levels in pre-eclampsia, yet whether T is a causal factor and is involved in the pathogenesis of pre-eclampsia remains unclear. The present study demonstrates that elevated T levels at concentrations found under clinical conditions during gestation induce exaggerated vasoconstriction and hypertension in pregnant rats via heightened AGTR1-mediated signaling, providing a molecular mechanism linking gestational T excess with increased risk of pre-eclampsia. Although caution should always be observed in extrapolating the findings of animal studies directly to humans, the present finding has translational potential and provides a mechanistic understanding worthy of investigation in humans. Strategies that target excessive androgen or AGTR1 action in the systemic circulation could have important therapeutic potential in treatment of pregnancies complicated by hypertension.
